Endocannabinoids are thought to function as retrograde messengers, which modulate neurotransmitter release by activating presynaptic cannabinoid receptors. Anandamide and 2-arachidonoylglycerol (2-AG) are the two best studied endogenous lipids which can act as endocannabinoids. Together with the proteins responsible for their biosynthesis, inactivation and the cannabinoid receptors, these lipids constitute the endocannabinoid system. This system is proposed to be involved in various neurodegenerative diseases such as Parkinson's and Huntington's diseases as well as Multiple Sclerosis. It has been demonstrated that the endocannabinoid system can protect neurons against glutamate excitotoxicity and acute neuronal damage in both in vitro and in vivo models. In this paper we review the data concerning the involvement of the endocannabinoid system in neurodegenerative diseases in which neuronal cell death may be elicited by excitotoxicity. We focus on the biosynthesis of endocannabinoids and on their modes of action in animal models of these neurodegenerative diseases.
INTRODUCTION

The Endocannabinoid System
Since the first isolation of an endogenous substance exhibiting the pharmacological characteristics of plantderived psychoactive cannabinoids, several candidates are now proposed to be endogenous ligands for the cannabinoid receptors. To date, all endocannabinoids identified are of lipid origin and structurally represented in lipid families that previously have not received much interest. Two lipid families are broadly recognized as having molecular constituents which mimic the distinct pharmacological effects of the plant-derived psychoactive cannabinoids, although they bear only very little structural resemblance to the principal psychoactive cannabinoid of natural origin, Δ 9 -tetrahydrocannabinol (Δ 9 -THC, FIG. 1). Among the constituents of these lipid families, N-acylethanolamines (NAEs) and 2-monoacyl-N N glycerols (2-MAGs), two substances have gained substantial interest, i.e. N-arachidonoylethanolamine (anan- N N damide) and 2-arachidonoylglycerol (2-AG, FIG. 1). These arachidonate-derived molecules bind with nanomolar affinities to both cannabinoid CB 1 and CB 2 receptors (Devane et al., 1992; Mechoulam et al., 1995) Other arachidonic acid derivatives are reported to be potential endogenous cannabimimetic substances, i.e. 2-arachidonoylglyceryl ether (noladin ether) and O-arachidonoylethanolamine (virodhamine) O O (Porter et al., 2002) . In addition, the polyunsaturated NAEs N-docosatetraenoylethanolamine and N N N-dihomo-N N γ-linolenoylethanolamine have been demonstrated to γ γ exhibit a cannabimimetic profile (Hanus et al., 1993) . It is presently not known whether these four substances may be classified as endocannabinoids as their pharmacology has been explored to a much lesser extent than anandamide and 2-AG. In addition, other NAEs have gained renewed interest in endocannabinoid research. Thus, N-palmitoylethanolamine was suggested to exclu-N N sively bind to the peripheral cannabinoid CB 2 receptor (Facci et al., 1995; Calignano et al., 1998) , however, due to conflicting reports on the receptor affinity and pharNeurotoxicity Research, 2003, Vol. 5 (3 macology, this theory is now challenged with the suggestion that it may instead be a ligand of a yet unknown cannabinoid receptor subtype (Lambert and Di Marzo, 1999) .
See Table I for an overview of selected substances with effects on the (endo)cannabinoid system.
The Endocannabinoid Biosynthetic Pathways in the Brain
Endocannabinoids are formed in cell membranes, presumably also the plasma membrane, stored in the form of their respective lipid precursors and released following activation of the enzymes catalyzing the hydrolysis of their precursors Schmid et al., 1983; Cadas et al., 1996a; Sugiura et al., 1996) . As a consequence of the highly lipophilic nature of endocannabinoids they are therefore unlikely to be stored in synaptic vesicles. Obviously, these characteristics of endocannabinoid biochemistry deviate from the classical definition of neurotransmitter biochemistry, which has led to the notion that endocannabinoids should be rather classified as neuromodulators .
There is now considerable evidence for phospholipidderived, however diverging, pathways for the cerebral biosynthesis of anandamide and 2-AG. The biosynthetic concept of anandamide (FIG. 2) implicates that it is released from the phosphate moiety of a corresponding phospholipid precursor molecule, N-arachidonoyl-phos-N N phatidylethanolamine, by hydrolytic action of a specific phosphodiesterase subtype of the phospholipase D (PLD) family Sugiura et al., 1996) . This NAPE-PLD enzyme is likely a novel PLD subtype because it exhibits substrate specificity for the N-N N acylethanolamine phospholipid (NAPE) family , and does not share key catalytic specifics with other known PLDs . NAPEs are derived from phospholipid metabolism by which ethanolamine phospholipids are amino-acylated via transacylase action of a NAPE-specific N-acyltrans-N N ferase (NAT) catalyzing sn-1 stereospecific transfer of arachidonate from a donor glycerophospholipid, preferentially phosphatidylcholine (PC), to the amino position of the ethanolamine phospholipid Sugiura et al., 1996) . Since the mammalian NAT does not discriminate between different sn-1 acyl donor groups and shows no preferences between the diverse ethanolamine phospholipid acceptor molecules, the variation of the N-acyl moiety of NAPE is determined solely N N by the acyl variation of the sn-1 position of the donor phospholipid (Sugiura et al., 1996) . These characteristics of NAT explain why the N-arachidonoyl moiety of N N NAPE and NAE is found in only trace amounts in the rodent and human brain, as arachidonate only makes up about 1% of all esterified acyl groups of PC (Sugiura t et al., 1996) . As predicted by the sn f -1 acyl composition of PC, the palmitoyl, stearoyl, and oleoyl moeities make up the bulk volume of N-acyl groups of both NAPEs and N N NAEs in the mammalian brain (Schmid et al., 1995; Sugiura et al., 1996) .
As opposed to anandamide biosynthesis, 2-AG can be formed from several sources of arachidonic acid-enriched membrane phospholipids. Predominantly, the lipid species of the 2-MAG family, including 2-AG, are likely formed via stereoselective hydrolysis of diacylglycerol (DAG). DAG is a degradation product from phospholipase C catalyzed hydrolysis of inositol phospholipids and PC (Stella et al., 1997; Kondo et al., 1998) , but other sources of DAG may come from the hydrolysis of phosphatidic acid (Bisogno et al., 1999b) . Via action of a sn-1-selective DAG lipase, the removal of the sn-1 positioned fatty acyl group of DAG results in the formation of 2-MAGs (Bisogno et al., 1997; Stella et al., 1997) . Cerebral sn-2 arachidonate is very abundant in the phospholipid precursors of DAG, in particular inositol phospholipids where it makes up 40-50% of all sn-2 acyl groups (Kerwin et al., 1994) . However, it cannot be ruled out that 2-MAG may also be generated via involvement of other lipases, such as phospholipase A 1 (which implicates the removal of the sn-1 acyl group of phospholipids prior to removal of the proximal phosphate bond) or triacylglycerol lipase (Stella et al., 1997) . In combination with the likelihood that several pathways may contribute to the production of DAGs with sn-2-arachidonate this explains why 2-AG is the major constituent of the 2-MAG family, accounting for 20-30% of all 2-MAGs in rat whole-brain preparations (Kondo et al., 1998) . Thus, 2-AG is usually determined at basal levels of 3-4 nmol per gram rat brain tissue, i.e. approximately 200-fold higher than that of anandamide (for quantitative data, see reviews by Hansen et al. (2000) and Sugiura et al. (2002) ).
Regulation of Endocannabinoid Enzyme Activity
It is becoming evident that the endocannabinoid biosynthetic pathways operate in a variety of tissues and cells under various conditions of exogenous stimuli. However, f very little is known about the endogenous regulation of the enzymes involved in cerebral endocannabinoid homeostasis. The catalytic activity of NAT and NAPE-PLD undergoes ontogenetic changes, as the neonatal rat brain shows much higher capability of synthesizing NAPE than NAE while this interrelationship reverses as the rat brain van der STELT et al. matures . Also, anandamide-generating enzymes of the heart display rather large speciesrelated activity differences (Moesgaard et al., 2002) , but this variation may not be applicaple to the brain. The basis for the ontogenetic and species influence on NAPE/NAE formation is unknown.
NAT activity is highest in the brain (Sugiura et al., 1996; Cadas et al., 1997) , which correlates with the relatively high abundance of anandamide and other NAEs found in a variety of mammalian brain regions (Felder et al., 1996; Bisogno et al., 1999a) . Presently, it is recognized that the calcium-(Ca 2+ -)stimulated NAT reaction is the rate-limiting step of anandamide formation, because it is uncertain whether Ca 2+ activates the NAPE-PLD in situ or if the enzyme is constitutively acting at a much lower catalytic rate than NAT Sugiura et al., 1996) . Additionally, 2-AG synthesis is also stimulated by the presence of Ca 2+ (Bisogno et al., 1997; Kondo et al., 1998) , with the phosphoinositide-specific phospholipase C likely being the predominant Ca 2+ -stimulated enzyme of the 2-AG biosynthetic pathway, as Ca 2+ stimulation leads to a parallel accumulation of DAG (Stella et al., 1997) .
Although it is unclear how newly synthesized endocannabinoids are induced to leave the plasma membrane, Ca 2+ influx may also constitute a key stimulus for endocannabinoid release. The critical determinant for extracellular accumulation of endocannabinoids is likely the preceding Ca 2+ -stimulated synthesis of their precursors, which provides a link to the involvement of membrane depolarization in endocannabinoid homeostasis, signifying that endocannabinoids are synthesized and released in an activity-dependent manner. Anandamide concentrations are elevated in rat brain microdialysates following electrical stimulation and potassium-induced depolarization ( Giuffrida et al., 1999; Walker et al., 1999) , although 2-AG has yet not been found co-released under similar conditions (Giuffrida et al., 1999) . As expected from the variety of NAEs produced in the brain, nonendocannabinoid NAEs are also released with anandamide (Di Marzo et al., 1994; Giuffrida et al., 1999) , which makes the basis for the notion that simultaneous efflux of non-endocannabinoid NAEs and 2-MAGs may prolong endocannabinoid actions by delaying endocannabinoid reuptake and degradation (Mechoulam t et al., 2002) .
Effects of Endocannabinoids on Neurotransmission
CB 2 receptors are not expressed in the normal brain which makes CB 1 receptors the principal cannabinoid receptor subtype in the CNS. CB 1 receptors are far more abundant at presynaptic nerve terminals than on cell somata, in particular on GABAergic basal ganglia projections and hippocampal interneurons Irving et al., 2000) . CB 1 receptors are also, however to a lesser extent, localized on glutamatergic neurons, as suggested by CB 1 receptor immunoreactivity on rat corticopyramidal glutamatergic efferents Rodríguez et al., 2001) . Correspondingly, higher basal anandamide and 2-AG levels are found in the basal ganglia and hippocampus than in most other brain areas examined (Bisogno et al., 1999a) .
The major (endo)cannabinoid receptor-specific actions in the CNS are considered mediated by presynaptic CB 1 receptors resulting in modulation of cation channel conductivity (Mackie et al., 1993; Shen and Thayer, 1998b) (FIG. 3) . Cannabinoid-and endocannabinoid-induced CB 1 receptor-G i/o protein-α-subunit association evokes diminished Ca 2+ entry through (1) voltage-dependent N-and P/Q-type Ca 2+ channels; (2) increased potassium efflux by stimulation of inwardly
2-arachidonoylglycerol (2-AG)
FIGURE 1 Molecular structure of the principal psychoactive cannabinoid of plant origin, Δ 9 -tetrahydrocannabinol (Δ 9 -THC), and the two best known endocannabinoids, N-arachidonoylethanolamine (anandamide) and 2-arachidonoylglycerol (2-AG).
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rectifying K + channels (K + ir ), and (3) reversal of voltagedependent A-type K + channels (K + A ). The effect on K + A channels is not directly linked to G-protein coupling. It includes downstream inhibition of adenylate cyclase ATP hydrolysis, thereby reducing cAMP levels, which then in turn reduces the protein kinase A (PKA)-mediated phosphorylation of the K + channel, leading to a negative shift in voltage-dependence. Thus, the overall consequence of the interference with presynaptic ion channel activity is understood to slow down Ca 2+ -influx-mediated neurotransmitter release from nerve terminals thereby decreasing neuronal excitability. The arrangement of CB 1 receptors at the nerve terminal therefore provides a mechanism by which the receptors inhibit the release of several neurotransmitters, including glutamate, γ-amino-butyric γ γ acid (GABA), and dopamine (Rodriguez de Fonseca et al., 2001; Schlicker and Kathmann, 2001 ). The modulatory effect of endocannabinoids on presynaptic neurotransmitter release is controlled by their retrograde transport from postsynaptic loci, presumably from depolarized somata and dendrites (Egertova et al., 1998) . Endocannabinoids are likely acting as short-range inhibitory retrograde messengers by activating presynaptic CB 1 receptors, which results in a substantial, transient or long-term, inhibitory effect on presynaptic GABAergic and excitatory transmission. Retrograde endocannabinoid function has so far been demonstrated in the striatum, hippocampus and cerebellum (Kreitzer and Regehr, 2001; Varma et al., 2001; Gerdeman et al., 2002) . Presumably, the retrograde messenger effect is mediated by CB 1 receptor-induced reduction of presynaptic Ca 2+ influx (Diana et al., 2002) .
It is unclear whether depolarizing stimuli trigger directly endocannabinoid release, but recent studies have demonstrated that metabotropic glutamate receptor stimulation may constitute a signal for postsynaptic endocannabinoid efflux ( Maejima et al., 2001; Varma et al., 2001) . This tentatively suggests that glutamate release drives postsynaptic endocannabinoid release. The direction of endocannabinoid movement appears also to be driven by the concentration gradient across the plasma membrane, as endocannabinoid efflux and reuptake via a high-affinity transmembrane endocannabinoid transporter (FIG. 2) exhibit similar kinetics (Rakhshan et al., f 2000) . It is therefore also thought that the equilibrium of release and reuptake is coupled to the activity of the intracellular endocannabinoid-degrading enzymes, fatty acid amide hydrolase (FAAH, FIG. 2) and MAG lipase (Deutsch et al., 2000; Dinh et al., 2002) , indicating that f the degree of endocannabinoid-induced modulation of synaptic neurotransmission depends on their synthesis and degradation rate. Table I Selected substances with effects on the (endo)cannabinoid system. Substances in italics are mentioned in this review. 1) endogenous substances which are generally accepted as behaving as endogenous cannabimimetic ligands; 2) putative endogenous substances with cannabimimetic effects not yet fully characterized; a) affinity for CB 2 and VR 1 receptor not reported; b) the substance has weak or negligible affinity for the CB 1 , CB 2 and VR 1 receptors; c) affinity for cannabinoid/vanilloid receptors not reported. Abbreviations: CB 1 , cannabinoid CB 1 receptor; CB 2 , cannabinoid CB 2 receptor; VR 1 , vanilloid VR1 receptor; FAAH, fatty acid amidohydrolase; FAAH inh., fatty acid amidohydrolase inhibitor; transport inh., endocannabinoid transmembrane transport inhibitor. See comprehensive reviews by Pertwee (1997) , Davies et al. (2002) , and l l Fowler et al. (2001; for the pharmacology of substances mentioned in the table.
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It is becoming increasingly clear that (endo)cannabinoids may also act on a number of cellular targets distinct from cannabinoid receptors, which may well be relevant for the effects of endocannabinoid on neuronal excitability: (1) based on cannabinoid receptor agonist WIN-55.212-2 binding profiles and behavioral assays in CB 1 receptor knock-out mice at least one non-cannabinoid Gprotein-coupled receptor is suggested to be an additional receptor target for anandamide in the rodent brain (Breivogel et al., 2001) . Interestingly, WIN55,212-2, inhibits hippocampal glutamatergic postsynaptic currents in CB 1 receptor knock-out mice, suggesting that a so far unknown non-CB 1 receptor may participate in the (endo)cannabinoid-mediated downregulation of excitatory neurotransmission (Hajos et al., 2001) ; (2) by contrast, anandamide also activates glutamatergic NMDA receptor Ca 2+ currents in rat cortical brain slices by a CB 1 receptor-independent mechanism (Hampson et al., 1998a) and induce neuronal depolarization via direct inhibition of K + channels (Maingret et al., 2001) ; (3) anandamide, but not 2-AG, is considered being an endogenous activator of the ionotropic vanilloid VR 1 receptor (Zygmunt et al., 1999) , possibly activating the receptor from an intracellular binding domain following cellular uptake of anandamide (De Petrocellis et al., 2001; Ross et al., 2001) . The VR 1 receptors are expressed in several brain areas, including the hippocampus and basal ganglia (Mezey et al., 2000) , and recent findings indicate that anandamide causes a VR 1 receptor antagonist-sensitive increase in inhibitory GABAergic synaptic transmission in rat hippocampal slices (Al-Hayani et al., 2001) ; (4) anandamide directly inhibits astrocyte gap junctions, thereby interfering with astrocyte intercellular Ca 2+ communication (Venance et al., 1995) ; (5) anandamide lipoxygenase metabolites inhibit brain L-type Ca 2+ channels and stimulate bronchial ionotropic vanilloid VR 1 receptor activity (Shimasue et al., 1996; Craib t et al., 2001) , suggesting that oxidative endocannabinoid metabolism can contribute to endocannabinoid-like modulatory effects on neurotransmission.
THE ENDOCANNABINOID SYSTEM IN ACUTE NEURODEGENERATION
The central nervous system is highly vulnerable to ischemia induced by a stroke or traumatic brain injury. Neuronal death caused by ischemia is executed via a complex array of processes in which excitotoxicity plays a major role. In excitotoxicity, cell death is triggered by the overstimulation of excitatory amino acid receptors by glutamate. This leads to cytotoxic levels of Ca 2+ and subsequent activation of destructive pathways, involving among others caspases, calpains and generation of reac-tive oxygen species (Dirnagl et al., 1999; Doble, 1999) . Several lines of evidence reveal a connection between (endo)cannabinoids and excitotoxicity (Grundy et al., 2001; Mechoulam et al., 2002; van der Stelt et al., 2002) .
Biosynthesis of Endocannabinoids in Acute Neurodegeneration
The physiological cytosolic Ca 2+ level is very low (~100 nM) (Doble, 1999) , which is far below the level required to facilitate detectable basal biosynthesis of anandamide and 2-AG. This may therefore explain why unstimulated endocannabinoid levels are present in only trace amounts. Since unphysiologically high Ca 2+ concentrations are required to trigger significant accumulation of the endocannabinoid precursors NAPE and DAG in vitro (Kondo et al., 1998; Moesgaard et al., 2000; , it is believed that only strong depolarizing stimuli lead to a significant raise of basal extracellular endocannabinoid concentrations. Hence, neuronal exposure to Ca 2+ ionophores and high K + concentrations induce intra-and extracellular accumulation of endocannabinoids in vitro (Cadas et al., 1996b; Hansen et al., 1997) and in vivo (Giuffrida et al., 1999) . Correspondingly, endocannabinoid biosynthesis occurs following activation of excitatory amino acid receptors, of which the N-methyl-D-aspar-N N tate (NMDA) receptor induces a very strong signal for endocannabinoid accumulation (Di Marzo et al., 1994; Hansen et al., 1997 Hansen et al., , 1999 . Coactivation of cholinergic and NMDA receptors results in more elevated endocannabinoid synthesis in mouse cortical neurons, than following stimulation of NMDA receptors alone (Stella and Piomelli, 2001; Dinh et al., 2002) , indicating that several neurotransmitter systems can act synergistically on endocannabinoid synthesis.
Overstimulation of excitatory amino acid receptors has a substantial effect on endocannabinoid synthesis. Anandamide, but not 2-AG, accumulates in the neonatal rat brain following exposure to excitotoxic concentrations NMDA in vivo (Hansen et al., 2001b) . Similarly, neonatal traumatic brain injury induces an upregulation of anandamide concentrations, while 2-AG levels are unaffected (Hansen et al., 2001b) . Since a range of NAEs and NAPEs are co-produced in a parallel fashion in different rat models of pediatric brain damage (Hansen et al., 2001a,b) , this provides a strong indication that the NAPE/NAE pathway is exceedingly responsive to cerebral events that instigate damage to the brain. This notion is supported by different lines of research. Data from rat whole brain preparations suggest that the NAT/NAPE-PLD pathway is exceedingly active during post-decaptive ischemia (Natarajan et al., 1986; Moesgaard et al., 1999) ; neocortical cells continues to produce NAEs and NAPEs (including anandamide and its precursor) in conditions of severe neuronal damage (Hansen et al., 1997; ; and apoptotic cell damage also triggers NAE and NAPE accumulation (Berdyshev t et al., 2000) . The sustained accumulation of the anandamide phospholipid precursor contrasts the common observation that glycerophospholipids are subjected to rapid degradation following a variety of cellular insults, which result in liberation of free fatty acids, including arachidonic acid (Farooqui et al., 2000) . It is known that enzymatic condensation of free arachidonic acid and ethanolamine occurs by reversed action of FAAH (Arreaza et al., 1997) , but this process requires unphysiologically high concentrations of cytosolic free arachidonic acid and ethanolamine (Sugiura et al., 1996) , implying that this 'anandamide synthase' pathway may potentially only be active under pathophysiological conditions involving severe membrane damage. However, it remains to be demonstrated that this alternative pathway is relevant, as synthesis of the anandamide phospholipid precursor and anandamide typically accelerates in a parallel fashion during neurodegeneration .
In contrast to neonatal rat models of neurodegeneration, 2-AG levels are reported to rise significantly as a consequence of traumatic brain injury in the adult mouse (Panikashvili et al., 2001) , and these contradictory results have caused some confusion (Mechoulam et al., 2002) . Although it is likely that the brain maturational level could be a critical parameter for the responsiveness of the 2-AG biosynthetic pathways, the discovery of a novel enzyme, that directly acylates glycerol utilising acyl-CoA as substrate (Lee et al., 2001) , may offer an additional explanation for the discrepancies. This novel enzyme prefers arachidonoyl-CoA and the acylation process occurs at the sn-2 position, thereby generating 2-AG. The enzyme has a rather high K m K -value for glycerol, but it is well-known that glycerol accumulates during brain ischemia (Frykholm et al., 2001 ), as will arachidonoylCoA and the activity of the enzyme f may thus be dependent on the endogenous levels of f arachidonoyl-CoA and glycerol in the different models of brain injury used. It is well known that high intracellular Ca 2+ concentrations activate several phospholipases, thereby possibly also generating glycerol (Farooqui et al., 2000) . Thus, phospholipase A 2 f -potentiated formation of 2-AG in Ca 2+ ionophore-stimulated neuroblastoma cells (Bisogno et al., 1997) could possibly be explained by excessive formation of glycerol and arachidonoyl-CoA, because phospholipase A 2 A may liberate arachidonic acid to facilitate increased formation of arachidonoyl-CoA.
In summary, strong depolarizing stimuli, such as occurring during excitotoxin-induced neurodegeneration and after post-decapative ischemia, may lead to a rise in endocannabinoid formation.
Neuroprotective Properties of (Endo)cannabinoids in Acute Neurodegeneration
Several in vitro studies have reported neuroprotection with classical and synthetic (endo)cannabinoids. Depending on the model used, cannabinoids were shown to protect neurons via CB 1 -mediated inhibition of glutamate exocytosis (Shen and Thayer, 1998a) , CB 1 receptormediated closing of voltage sensitive Ca 2+ channels (Abood et al., 2001; Hampson et al., 1998a) , anti-oxidant activity (Hampson et al., 1998b; Marsicano et al., 2002) , and suppression of the formation of tumour necrosis factor alpha (TNF-α) (Gallily et al., 2000; Venters et al. 2000) . Anandamide and 2-AG have been shown to rescue cerebral neurons from in vitro hypoxia and glucose deprivation via a CB 1 and CB 2 receptorindependent pathway (Sinor et al., 2000) . By contrast, some in vitro studies do not support a neuroprotective action of cannabinoids. Anandamide was shown to be ineffective to protect neurons against prolonged exposure to toxic levels of glutamate (Andersson et al., 2000; Skaper et al., 1996) . Hampson and Grimaldi (2001) have suggested that the varying and uncontrolled levels of cAMP in in vitro models of neurotoxicity may explain the lack of neuroprotection by cannabinoids.
Neuroprotective effects of (endo)cannabinoids in in vivo studies have also been observed. Panikashvili et al. (2001) demonstrated that 2-AG prevented neuronal damage in a mouse model of closed head injury by acting at least in part via the CB 1 receptor. 2-AG administered in a dose range of 0.1-10 mg/kg could reduce brain edema and at a dose of 5 mg/kg it significantly improved clinical recovery, reduced infarct volume and reduced hippocampal cell death compared to controls after 7 days. The reduction in brain edema by 2-AG was dose-dependently attenuated by SR141716A. Various mechanisms may contribute to the neuroprotective actions of 2-AG, such as reduction in excitotoxicity, inhibition of production of pro-inflammatory TNF-α and reactive oxygen species and lowering of cerebral vasoconstriction. Application of the CB 1 receptor antagonist SR141716A (20 mg/kg) alone did not increase the volume of edematous tissue, which might indicate that endogenously released 2-AG exerts its protective actions through non-CB 1 -mediated mechanisms (Panikashvili, et al., 2001) .
Similar results were obtained in another in vivo model of secondary excitotoxicity. It was demonstrated that Δ 9 -THC (1 mg/kg, i.p.) and anandamide (10 mg/kg, i.p.) could significantly reduce the volume of cytotoxic edema in neonatal rats in the acute phase after the intrastriatal injection with the Na + /K + -ATPase inhibitor ouabain (van der Stelt et al., 2001a,b) . The effect of Δ 9 -THC was antagonized by blocking the CB 1 receptor, whereas the reduction in cellular swelling by anandamide was insensitive to SR141716A. After seven days the infarct volume in THC-and anandamide-treated rats was reduced bỹ 40% and ~64%, respectively, as compared to control animals. When assessed at this time point, the neuroprotective actions of both anandamide and Δ 9 -THC were abolished by SR141716A. A CB 1 receptor-mediated reduction in Ca 2+ influx and glutamate release were thought to be responsible for the neuroprotection in the hippocampus, striatum and cortex in the late phase (van der Stelt et al., 2001a,b) . There seems to be no endogenous endocannabinoid tone controlling neuronal damage, because application of anandamide-uptake inhibitor, VDM11, or SR141716A alone neither affected lesion volumes at day 0 nor at day 7 compared to control animals (van der Stelt, et al., 2001a,b) .
The protective effects of modulation of the endocannabinoid system after stroke have also been investigated. CB 1 receptor expression was enhanced in the arterial boundary zone of the cortical mantle after a 20 min occlusion of the middle cerebral artery in rats (Jin et al., 2000) . Chronic Δ 9 -THC administration reduces the impact of an ischemic insult evoked by lowering blood pressure and 12 min bilateral carotid artery occlusion (Louw et al., 2000) . The mixed CB 1/ CB 2 cannabinoid receptor agonist WIN55,212-2 afforded protection to hippocampal and cortical neurons in CB 1 receptordependent manner in rats with a permanent middle cerebral artery occlusion or global ischemia (Nagayama et al., f 1999) . No increase in infarct volume upon application of SR141716 was found in these global and focal ischemia models, which suggests that there is no endogenous protection of endocannabinoids (Nagayama, et al., 1999) . In gerbils subjected to transient global ischemia pretreatment with the CB 1 receptor agonist CP55,940 reduced ischemia-induced hyperlocomotion and improved electroencephalographic (EEG) spectral power after 24h, which lasted for at least 7 days (Braida et al., 2000) . Recently, it was demonstrated that a novel CB 1 /CB 2 receptor agonist, BAY38-7271, also exhibited neuroprotective properties. It could reduce infarct volume in rats when applied with a 3-h delay after the induction of a subdural hematoma and in rats with a permanent middle cerebral artery-occlusion (Mauler et al., 2002) .
Although exogenously applied (endo)cannabinoids are able to prevent neuronal death, endogenously released endocannabinoids do not seem to be able to reduce neuronal damage via activation of the CB 1 receptor (see above). Endogenously released endocannabinoids may even be toxic to neurons . It was demonstrated that SR141716A-pretreatment of neonatal rats prior to an unilateral intrastriatal microinjection of NMDA evoked a robust neuroprotective response by reducing the ipsilateral infarct area and the number of degenerating cortical neurons . This effect was abolished by co-injection of WIN55,212-2, indicating that blockade of cannabinoid receptor activity inhibited caudal propagation of the excitotoxic response. In another study, CB 1 receptor antagonists were also protective, but not WIN55,212-2, when the middle cerebral artery in rats was occluded for 2 h (Muthian and Hillard, 2000) .
Several reasons may explain the apparent paradox that exogenous application of (endo)cannabinoids may protect the brain in a CB 1 -dependent manner, while endogenously released cannabinoid may not. (1) The neurodegenerative insult may not always lead to an up-regulation of endocannabinoid biosynthesis, the occurrence of which seems to be dependent on the species and on the type of injury (see above) (Hansen et al., 2001a,b; Panikashvili et al., 2001; van der Stelt et al., 2001b) . (2) Neuroprotective action of endocannabinoids may result from actions via molecular targets distinct from CB 1 receptors (see above). For example, novel yet-unidentified cannabinoid receptors may also reduce glutamatergic transmission (Breivogel et al., 2001; Hajos et al., 2001 ) (3) Presynaptic CB 1 receptors are ineffective against an exogenously induced glutamate receptor stimulation van der Stelt, et al., 2001b; Hansen et al., 2002) . (4) The ability of endocannabinoids to influence downstream effects of increased Ca 2+ concentrations is also dependent on the cell type, strength, duration, and stimulus type (Hampson et al., 1998a; Netzeband et al., 1999) . (5) The inflicted damage in the in vivo models of acute neuronal injury might be too severe, which leads to a loss of CB 1 receptor mRNA expression and ligand binding capacity (Hansen et al., 2001b) . (6) CB 1 receptor-induced altered GABAergic transmission may be involved in the degenerative process. (7) By acting on non CB 1 /CB 2 receptors, endocannabinoids may exert a neurotoxic effect that partially masks the tonic neuroprotective effect mediated by cannabinoid receptors. For example, anandamide has been shown to induce cell death by activation of vanilloid receptors (Maccarrone et al., 2000; Grant et al., 2002) . (8) Activation of cannabinoid receptors may have a different impact on the biochemical pathways underlying apoptosis na necrosis. In fact, cannabinoid receptor activation has been shown to induce apoptosis (Chan et al., 1998; Downer et al., 2001; Guzman et al., 2001) . Anti-apoptotic strategies have been identified as potentially beneficial in limiting ischemic neuronal injury (Mattson et al., 2001) , which might imply that CB 1 receptor antagonism might also be beneficial in neurodegenerative insults in which apoptosis is the major cause of death. However, it is unclear whether endocannabinoids induce apoptosis during acute neuronal injury.
THE ENDOCANNABINOID SYSTEM IN SLOW-LY PROGRESSING NEURODEGENERATION
The excitotoxicity hypothesis is also used to explain the common biochemical basis of neuronal death caused by many chronic neurodegenerative disorders such as amyotrophic lateral sclerosis, Parkinson's, Huntington's and Alzheimer's diseases (Dirnagl et al., 1999 Doble, 1999 Nicotera et al., 1999) . Recently, a number of studies have appeared in which the relationship between the endocannabinoid system and these diseases has been investigated (See also reviews by Fernandez-Ruiz et al. (2002) and Glass (2001) ). These studies were aimed at finding evidence at a molecular level to verify the anecdotal reports and small-scale clinical trials in which marijuana f and cannabinoids were tested to alleviate symptoms of multiple sclerosis, Parkinson's and Huntington's diseases. These studies characterized the endocannabinoid system in patient post-mortem f material and in animal models of the diseases. Most of the animal models used were capaf ble of displaying one or more aspects of the symptoms of the diseases (face validity), whereas a few provided also a biochemical substrate for studying the etiology of the disease (construct validity), e.g. genetic models such as huntingin overexpressing mice. Therefore, relatively little is known about the involvement of the endocannabinoid system in the pathogenesis of these neurodegenerative diseases.
Huntington's Disease
Huntington's disease (HD) is an autosomal-dominant disorder in which a mutation in a gene located on chromosome 4 (4p16.3), its product is named huntingin (IT-15), is responsible for an unstable expansion in a poly-CAG repeat, and the development of progressive involuntary choreiform movements and cognitive deficits. The functions of the normal and mutated gene are still unknown, but expression of the mutated form in early and pre-symptomatic cases of HD leads to selective loss of GABA/enkephalin-containing medium spiny neurons projecting from the caudate putamen to the globus pallidus externa, and GABA/Substance P-containing striatal neurons projecting to the substantia nigra, while there is a relative sparing of GABA/Substance P-neurons project-ing to the globus pallidus interna. However, in severe grades of HD all striatal projections show extensive loss. The progression of the disease and the age of onset are dependent on the number of the CAG-copy numbers (Feigin and Zgaljardic, 2002) In post mortem brains of patients with HD a relative loss of CB 1 and dopamine receptors was observed through several grades of pathology in the globus pallidus and substantia nigra (Glass et al., 2000) . Within the globus pallidus CB 1 receptor binding was highly decreased in the globus pallidus externa in the early HD cases, which exceeded the loss of binding in the globus pallidus interna. In the latter region, the loss of CB 1 receptor preceded the terminal atrophy, because it occurred before the loss of co-localized dopamine receptors was observed. Interestingly, a cell-specific and timedependent regulation of the CB 1 receptor mRNA as a result of the expression of the mutated huntingtin has recently been observed in two different strains of transgenic mouse models of HD (Denovan-Wright and Robertson, 2000; Lastres-Becker et al., 2002a) . It was shown that prior to the development of either HD phenotype or neuronal degeneration CB 1 receptor mRNA was down-regulated in the lateral striatum, cortical regions and in a subset of hippocampal neurons in the brain of R6/2 mice. (Denovan-Wright and Robertson, 2000) . In HD94 mice, which overexpress a smaller poly-CAG repeat (94 copies) than the R6/2-mice (>115 copies), CB 1 receptor mRNA was also decreased in the caudate putamen, but not in the cerebral cortex and hippocampus (Lastres-Becker et al., 2002a) . This transcriptional effect was accompanied by a reduction in receptor levels, as measured with [ 3 H]CP55.940 in the striatum and in its projections areas such as the globus pallidus, entopeduncular nucleus and substantia nigra pars reticulata. The decrease in CB 1 receptor levels was paralleled by a decrease in proenkephalin mRNA, but not in substance P mRNA levels (Lastres-Becker et al., 2002a) . The efficacy of receptor activation was only significantly reduced in the globus pallidus, suggesting that there is a difference in vulnerability in the two striatal efferent pathways.
By contrast, in rat models of HD where 3-nitropropionic acid (3-NP), a mitochondrial neurotoxin, is used to produce striatal lesions, the loss of CB 1 receptors was associated with neuronal death (Page et al., 2000; LastresBecker et al., 2001b) . CB 1 receptor binding sites were lost and the CB 1 receptor-mediated activation of GTP-binding proteins were reduced in the selectively damaged striatal GABAergic efferent neurons . Enkephalin-and substance P-containing neurons were equally affected. These changes were accompanied by a decrease of anandamide and 2-AG levels in the striatum, whereas normal endocannabinoid levels were found in the non-lesioned cerebral cortex (Lastres-Becker et al., 2001a) . At the moment it is unclear to which extent these observations contribute to the symptomology of HD, or whether they are side effects of toxininduced destruction of striatal GABAergic neurons 2002b) . f It is speculated that the early down regulation of cannabinoid receptors is a compensatory mechanism in HD, because it might increase GABA release, which could counteract the initial loss of GABAergic neurons (Glass, 2001 ). This hypothesis has not been verified yet. If the hypothesis is valid, blockade of CB 1 receptor function should be able to slow down the progression of HD. On the other hand, it may also be speculated that the early loss of CB 1 receptors in the striatum results in an imbalanced glutamatergic transmission, thereby eliciting excitotoxicity and subsequent neurodegeneration. As yet, no CB 1 receptor agonists have been tested to prevent neurodegeneration in animal models of HD. It was shown that the anandamide uptake inhibitor AM404 f could attenuate motor disturbances in the early phase of hyperactivity in 3-NP treated rats by restoring GABA and dopamine transmission (Lastres-Becker et al., 2002c) . At the moment the mechanism of action of AM404 is not clear, because apart from being an anandamide uptake inhibitor, AM404 has also been shown to act as a full agonist of the VR 1 receptor, thereby modulating neurotransmission and motor behaviour (Zygmunt P.M. et al., 2000) . To date, small clinical trials using cannabidiol or nabilone have failed to ameliorate the symptoms of HD patients (Glass, 2001; Fernandez-Ruiz et al., 2002 ).
Parkinson's Disease
Parkinson's disease (PD) is a chronic, progressive disorder of late life, which is characterized by rigidity, unintentional tremor, and bradykinesia. There is a selective degeneration of dopaminergic neurons in the nigrostriatal pathway, which is thought to be related to their particular vulnerability to oxidative stress. The resulting dopamine deficiency in the caudate-putamen leads to imbalances in the basal ganglia physiology, which include an overactivation of the indirect pathway, i.e. increased GABAergic transmission in the globus pallidus. Increased activation of the GABAergic neurons in the globus palf lidus is thought to contribute to the symptoms of Parkinson's disease (Blandini et al., 2000) In post-mortem brains of PD patients, treated chronif cally with L-DOPA, there was an increased binding of [ 3 H]CP55,940, a selective CB 1 receptor agonist, in the caudate-putamen, whereas an increased G-protein coupling was also observed in the lateral globus pallidus and in the substantia nigra (Lastres-Becker et al., 2001a) . CB 1 receptor mRNA expression has also been studied in different animal models of PD, but yielded varying results. CB 1 receptor mRNA levels in cell bodies of striatal efferent neurons were markedly increased in rats unilaterally injected with 6-hydroxydopamine (6-OHDA) to deplete dopamine, but this did not result in changes in CB 1 receptor binding capacity and activation of intracellular signal transduction mechanisms (Mailleux and Vanderhaeghen, 1993; Romero et al., 2000) . Zeng et al. (1999) also observed increased striatal CB 1 mRNA in 6-OHDA-lesioned rats, but only after chronic L-DOPA treatment. By contrast, CB 1 receptor transcription was increased in an 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) marmoset model of PD, and the mRNA levels returned to control values upon chronic L-DOPA treatment (Lastres-Becker et al., 2001a) . Decreased striatal CB 1 receptor mRNA levels were found in reserpinetreated rats, an acute neurotransmitter-depletion model of PD (Silverdale et al., 2001) . In summary, there seems to be a dopamine transmission-controlled mRNA expression of the CB 1 receptor, but its functional consequences remain to be clarified.
Presently, it is thought that an increased endocannabinoid tonus in the globus pallidus contributes to the symptoms of PD (Di Marzo et al., 2000) . It was shown that intrapallidal administration of cannabinoids reduced the uptake of GABA from striatopallidal terminals and voluntary movement, thereby reproducing PDlike symptoms (Maneuf et al., 1996a,b) . Agonist stimulation of CB 1 receptors increased catalepsy produced by administration of dopamine receptor antagonists (Anderson et al., 1996) and reduced the anti-parkinsonlike actions of D 2 dopamine receptor agonists (Maneuf et al., 1997; Rodriguez de Fonseca et al., 2001) . This was in line with the finding of increased 2-AG levels in the globus pallidus of reserpine-treated rats. Furthermore, SR141716A increased the efficacy of anti-parkinson-like effects of dopamine receptor agonists in these rats. In MPTP-treated primates SR141716A was also therapeutically favorable by reducing L-DOPA-induced dyskinesia (Brotchie, 1998) . However, it should be noted that according to recent studies with non-human primates, SR141716A failed to alleviate the parkinson-like symptoms (Meschler et al., 2000; . Furthermore, it has recently been shown that the enhanced corticostriatal glutamatergic transmission in 6-OHDA-lesioned animals could be attenuated by stimulation of the endocannabinoid system (i.e. by application of the CB 1 receptor agonist HU-210, uptake inhibitors AM404 and VDM11, and FAAH-inhibitor methylarachidonoylfluorophosphonate) (Gubellini et al., 2002) . An increased striatal level of anandamide, but not of 2-AG, was found in the lesioned animals, which was paralleled by an abnormal downregulation of anandamide membrane transport and FAAH-activity, without any significant changes in anandamide binding to CB 1 receptors. It was suggested that the elevated anandamide levels were a compensatory mechanism to reduce the increased cortical glutamatergic transmission and that inhibition of anandamide hydrolysis might represent a possible target to decrease the glutamatergic drive in PD (Gubellini et al., 2002) . However, in an in vivo study unilaterally pallidal or striatal infusions of CP55,940 did not alter motor behavioral effects in control rats compared to rats receiving 6-OHDA (Sanudo-Pena et al., 1998) . Differences in dose-regimen, methods to deplete dopamine, and species differences in endogenous cannabinoids levels might explain the differences between various rodent and primate models.
Presently, only two small-scale clinical trials have shown that marijuana was ineffective in reducing Parkinsonian tremor, but recently a randomized, double blind, placebo-controlled, cross-over trial with the cannabinoid receptor agonist nabilone showed an improvement in L-DOPA-induced dyskinesia in patients with PD (Sieradzan et al., 2001) . This obviously contrasts the animal studies that suggest that CB 1 receptor antagonists may be used to reduce the adverse actions of L-DOPA. Further research is therefore warranted to understand the involvement of the endocannabinoid system in human basal ganglia physiology. In addition, relatively little is known about the involvement of the endocannabinoid system in the pathogenesis of PD. Cannabinoids might be useful to slow down neurodegeneration in PD, because different cannabinoids have anti-oxidative properties (Hampson et al., 1998b) and are able to reduce excitotoxicity (see above). However, CB 1 receptor agonists have yet not been tested in animal models of PD to establish whether they are able to reduce PDassociated neurodegeneration.
Multiple Sclerosis
Multiple Sclerosis (MS) is a chronic neurological disorder caused by demyelination of neurons in the CNS. Any part of the white matter in the CNS may be affected, thereby producing highly variable and disseminating neurological symptoms, such as visual loss, cognitive impairment, motor weakness, sensory loss, tremor and spasticity. The disease has an age-onset between 20 and 40 and is characterized by relapses and remission, which may proceed into a progressive form. The etiology of MS remains unknown, but it is thought that the immune system is primed to attack the myelin of the CNS (Rieckmann and Smith, 2001) . Noteworthy, it is recent-ly proposed that glutamate excitotoxicity is an important mechanism in autoimmune demyelination (Pitt et al., 2000) .
It has been demonstrated in a Lewis rat model of experimental allergic encephalomyelitis (EAE), which is often used to mimic the symptoms of MS in animals, that CB 1 receptor mRNA and [ 3 H]CP55,940 binding was downregulated in the caudate-putamen and in both deep and superficial layers of the cerebral cortex, but not in the hippocampus, limbic structures or cerebellum (Berrendero et al., 2001) . The decrease in striatal CB 1 receptor mRNA was not accompanied by reduced [ 3 H]CP55,940 binding in the nuclei of striatal output neurons, whereas it was paralleled by a decrease in the caudate-putamen itself. This suggested that changes in CB 1 receptor transcription and binding capacity were located on cell bodies of striatal neurons. Also, the remaining striatal and cortical CB 1 receptors were more efficiently G-protein coupled. In combination, the changes were not directly correlated to brain areas that suffered from demyelination. Thus, it is unknown whether these alterations are associated to the pathogenesis of the disease. It was suggested that the changes in CB 1 receptors may act as a compensatory mechanism and may be related to the alleviation of some motor signs observed after the treatment with cannabinoid receptor agonists (Berrendero et al., 2001) .
It has been shown that THC was able to inhibit the progression of EAE in rodents. The presumed mode of protection was its immunosuppressive action rather than a direct effect on paralysis itself (Lyman et al., 1989; Wirguin et al., 1994) . However, recent studies indicate that Δ 9 -THC as well as synthetic cannabinoids can ameliorate both tremor and spasticity in mice with chronic relapsing experimental allergic encephalomyelitis (CREAE) via CB 1 and in part via CB 2 receptors (Baker et al., 2000) . The transient enhancement of tremor and spasticity by cannabinoid receptor antagonists suggested that there was an endogenous endocannabinoid tonus controlling these symptoms in the CREAE model. Indeed, in the brain and spinal cord of spastic mice, increased levels of anandamide, 2-AG and N-palmi-N N toylethanolamine were found, whereas comparable levels of these compounds were found in normal and non-spastic mice (Baker et al., 2001 ). In addition, it was demonstrated that exogenous anandamide, 2-AG, N-palmi-N N toylethanolamine, and arvanil (a mixed CB 1 /VR 1 -receptor agonist) ameliorated spasticity (Baker et al., 2001; Brooks et al., 2002) . In line with these observations, inhibitors of endocannabinoid hydrolysis and uptake could ameliorate spasticity to an extent comparable with that observed with potent synthetic cannabinoid receptor agonists. f Currently, the precise mechanisms of action of (endo)cannabinoids, N-palmitoylethanolamine, and N N arvanil have not been resolved. It is suggested that arvanil may act through novel sites of action different from cannabinoid and vanilloid receptors (Brooks et al., 2002) . Furthermore, the relative role of the CB 1 and CB 2 receptors in the reduction of tremor and spasticity needs clarification. The putative involvement of the CB 2 receptor in the amelioration of spasticity, as demonstrated by the selective CB 2 receptor agonist JHW133 and antagonist SR144528, is surprising, because the CB 2 receptor is mainly found in cells of the immune system. The presence of these receptors on microglia and brain resident mast cells (Carlisle et al., 2002) might be an interesting starting point to study the involvement of the CB 2 recepf tor in the reduction of spasticity without induction of psychotropic side-effects. Since it has been shown that glutamate excitotoxicity contributes to clinical symptoms and cell death of oligodendrocytes in a mice EAE-model of MS (Pitt et al., 2000) , it is tempting to suggest that the amelioration of the symptoms in AEA-models by (endo)cannabinoids is due to their anti-excitotoxic properties (see above). Altogether, data from experimental animals do provide a scientific basis for the anecdotal reports in which MS patients alleviate their symptoms by using marijuana, but results from small-and short-term clinical trials have been equivocal (Killestein et al., 2002) .
CONCLUSIONS AND PERSPECTIVES
Recent developments, such as the generation of CB 1 and CB 2 receptor knock-out mice and the synthesis of selective cannabinoid receptor antagonists/reverse agonists have provided insight into some (patho)physiological roles of the endocannabinoid system. However, some important fundamental aspects of the endogenous cannabinoid system remain to be elucidated. For example, the proteins responsible for the biosynthesis of endocannabinoids and their transport into cells remain to be isolated and cloned. The regulation of the biosynthetic and inactivation pathways of anandamide and 2-AG is also largely unknown. It is likely that novel cannabinoid receptor subtypes, as well as novel endogenous ligands, will be found. The understanding of the complex interplay of the endocannabinoid system with other neurotransmitters in the CNS and their function as retrograde messengers will greatly enhance our knowledge about the physiological roles of the endocannabinoid system. This may provide useful information to exploit the cannabinoid system for therapeutic intervention in various diseases.
The studies reported in this review indicate that (par-tial) CB 1 receptor agonists might prove to be useful to improve the therapeutic outcome after acute brain damage and slow down the gradual progression of slowly neurodegenerative diseases such as HD, PD and MS. However, the involvement of the endocannabinoid system in the pathogenesis of neurodegenerative diseases awaits further clarification, ligands of the cannabinoid receptors and compounds, which interfere with endocannabinoid biosynthesis and inactivation may be useful to alleviate symptoms of the neurodegenerative diseases.
To date, there is a lack of data from human (post-mortem ( ) m studies and small clinical trials directed at amelioration of the symptoms of various neurodegenerative diseases have not proven to be successful yet. The route of administration of the cannabinoids, their psychotropic activity and possible pro-degenerative effects (e.g. induction of apopg g tosis) are other factors that deserve further attention, before compounds which modulate the activity of the endocannabinoid system are therapeutically useful in the treatment of acute and slowly progressive neurodegenerative diseases.
